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ABSTRACT. Linear FM pulse expanders and compressors in the reflective-array configuration
have been fabricated on bismuth germanium oxide substrates. The low surface-wave velocity on this
material and the folded RAC configuration allow 125 us of dispersion over the 2.5-MHz bandwidth to
be obtained in a compact device. The reflective arrays were depth weighted to provide a flat frequercy
response in the down-chirp expansion lines and a Hamming frequency response in the up-chirp com-
pression lines. Maximum amplitude deviation from ideal was 0.5 d8. Midband (60 MHz) insertion loss
was approximately 33 dB in both types of devices. Reflective arrays ion-beam etched with 5Q0-eV
argon ions showed no evidence of surface alteration or anomalous acoustic propagation loss. Phase
compensation with Au-on-Cr films yielded a typical residual phase error of 2.0°, and sidelobes below
33 dB were obtained in a subsystem comprising an expander, compressor, and associated electronics.
Successful development of the devices depended on solving problems of angular accuracy of the
reflective arrays and temperature sensitivity., These problems are especially severe in devices with
small fractional bandwidth and large dispersion.

Introduction Angular Alignment

The familiar RAC configuration is schematically
illustratea in Fig. 1. The basic operation of this
device has been described previously!~?. Angular
alignment of the reflection gratings relative to each
other and relative to the transducers is critical?.
For the crystal cut employed here, waves reflected at
90° have the same velocity as the incident wave and,
accordingly, the reflectors must be placed at 45°
relative to the transducers.

ADAO317

A compact pulse-expansion and compression subsystem
was developed for an experimental airborne radar.
Sensitivity requirements dictated that the transmitted
waveform be relatively Tong (125 us). Because of its
Jow surface-wave velocity, bismuth germanium oxide
(BGO) is an attractive substrate material on which to
fabricate a device for processing a waveform of this
duration. Low velocity combined with foreshortening
advantages of the folded reflective-array-compressor
(RAC) configuration’*?yield devices which easily fit
on commercially available 15-cm substrates. The use
of BGO as a substrate material for RAC devices is

METAL FiLMm (Cr -au)

[\ new. It is generally considered a difficult material O VARIABLE WiBTH
1 to use and success in this development required that (1o
difficulties associated with material non-uniformity, ETCMED
metal adhesion, bonding, and ion-beam etching be GRATING
solved. INPUT |

TRANSOUCER

Simplicity and compactness of the pulse-expansion
and compression subsystem was obtained by operating
at the radar IF (60 MHz) and by developing expanders
and compressors with conjugate chirp slopes. These
features allowed for the complete elimination of
mixers and oscillators from the subsystem. Also,
Hamming weighting for sidelobe suppression was
incorporated in the compression lines. This avoided
the necessity of an externa) weighting filter.

TRANSOUCER

Because the output of the pulse compressor is
.4 processed by a relatively slow digital system, the
bandwidth of the expansion and compression )ines was
set at 2.5 MHz. This bandwidth yields a relatively
small fractional bandwidth, which, combined with Fig. 1 Schematic diagram of reflective-array com-
large dispersion, imposes especially tight specifica- pressor. The metal film between the ion-
tfons on pattern accuracy, alfgnment and temperature beam etched gratings provides phase com-
control. In addition, there exists a fundamental pensation by selectively slowing the surface
limit on the degree to which a RAC device can be wave.
phase compensated’’*. This limitation is more severe
in small-time-bandwidth Gevices.

PHASE - COMPENSATED RAC

0f the many possible angular errors, the most
troublesome for the device described herein is illustrate
in Fig. 2a. Here it is assumed that the gratings are i

Design Considerations
i correctly aligned at 90° relative to each other, but

The devices described herein use reflection
gratings whose periodicity varies quite slowly as a
function of position. Because of this,a small
change in reflector characteristics such as that
caused by temperature change or angular rotation,
causes the effective center of reflection at any
given frequency to shift by a large amount. For this
reason,angular alignment and temperature must be
carefully controlled.

* This work was sponsored by the Department of the
Air Force.
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that there exists a transducer misalignment error 80.
The resulting scattering vector diagrams are shown in
Fig. 2a. For periodic gratings, the frequency of
reflection will be a function of §4. For an angle of
incidence of approximately 45°,

5f
— =380 , (1
(

where 5f is the shift in frequency of reflection.

If the gratings form a corner reflector as
shown, the wavefronts of the reflected waves will
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Fig. 2 (a) Geometry of surface-wave reflection from
a periodic grating with transducers misaligned
by an angle 58. The scattering-vector diagrams
are shown for the upper and lower gratings.
(b) Surface-wave scattering from a chirped RA
grating illustrating the shift in the centers
of reflection at any one frequency caused by
transducer angular misalignment.

always line up with the output transducer. However,
the problem is that when &6 # 0 the frequency of
maximum reflection shifts one way in the upper grating
section and the opposite way in the lower grating
section. Thus, when 48 # 0, the scattering conditions
in the upper and lower gratings cannot be satisfied
simultaneously, resulting in a large reflection loss.

For a variably spaced RAC grating, the limits on &€
can be established in terms of the chirp parameters.
Figure 2b illustrates this situation. At a particular
frequency, there is a certain position in the grating,
referred to as the center of reflection, at which the
scattering condition is satisfied. In addition, one
can define a number of effective reflectors Ne that
are predominantly contributing to the reflection at
any one frequency®'®

N = (Taf/2)/2 t/0f, (2)

where T is the chirp dispersion and Af is the chirp
banawidth. When 49 changes, the centers of reflection
for the upper and lower gratings shift in opposite
directions, and the number AN of the grating lines
over which the centers of reflection shift is given

by

AN = f T 6f/20f, (3)

where &f 15 the frequency shift caused by rotation.

If /N is large in comparison to Ne, the wave reflected
by the upper grating will "miss" the effective re-
flecting section of the lower grating. Equations
(1)-(3) yield the 1imitation on &6;

socc(2 N, (4)
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his limitation is particularly severe when Ne is
large or equivalently, when a device has a combination
of small fractional bandwidth and large time-bandwidth
product. For the device described herein,Ne = 300
reflectors at center frequency. Relation (4) implies
§6<<0.1°. An angular error corresponding to §6=0.1°
occured during generation of the first photomask used
for the BGO devices. A device fabricated witn this
mask exhibited an excess reflection loss of more than
10 dB. It was necessary to obtain an accurately
aligned mask and to maintain alignment within 0.02°
in order to achieve the desired reflection 10ss in
subsequent devices.

Temperature Jependence

Of the three most commonly used substrates for
surface wave devices, BGO has the largest temperature
coefficient of delay v*'’. In order to adequately
stabilize the response of the RAC devices,provisions
were made to thermostat the devices at 60°C. A
change from room temperature to 60°C corresponds to a
downward shift of 0.31 MHz in the midband frequency
of each device, representing 12% of the total bandwidth.
These shifts had to be taken into account with design-
ing the transducer and grating masks. Measured
temperature dependence of the devices indicated a
value v equal to 138 x 107 %/°C which compares well
with previous data®.

In a small fractional bandwidth device, the
delay of the compressed pulse is a strong function of
temperature and is equal to the group delay 1, at
center frequency f,. The temperature induced change
in group delay é1, is given by®

6tg = [1 + foT/Lfro]yro.(cnange in temperature) (5)

The plus sign is for a device with an up-chirp
impulse response and the minus sign is for a down-
chirp device. For most dispersive devices, T is
slightly larger than 2t,. Thus for small-fractional-
bandwidth devices, the largest term in the brackets
in (5) is approximately equal to 2f,/af. Cefresponding-
ly, the temperature sensitivity of a dispersive
device is "amplified" by a factor approximately equal
to 2fy/Af. This sensitivity is most troublesome in
devices with small fractional bandwidth and large
dispersion.

For the devices described 'erein, it was necessary
to stabilize the delay to the compressed pulse to
within +60 ns. This implies that if one device of a
pair of expansion and compression lines is held at
constant temperature, the temperature variation of
the other device could be no more than +0.16°C. This
degree of temperature control is difficult to achieve
in an operational environment. However, if the
expansion and compression lines are placed in the
same oven, with both devices held at the same temperature,
the variation of total delay through the cascaded
devices will be the sum of the variations given by
(5). The large positive and negative terms cancel,
provided that the devices are identical except for
*he sign of the chirp slope. In this case, the
overall temperature variation is given by

8t = 2y14.(change in temperature). (6)

Equation (6) implies that a temperature control of
+1.5°C is required. Commercially available ovens can
easily achieve this stability over a wide range of
ambients. Thus it is possibie to meet the specifica-
tions of temperature stability, provided that a pair
of expansion and compression 1ines are in good thermal
contact with each other and mounted in the same oven.
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In addition to stabilizing the delay to the
compressed pulce, it is also necessary to stabilize
temperature in order to maintain a match between the
chirp slopes of the expansion and compression lines,
and to assure that the amplitude weighting of the
compression line remain symmetrical about fj,.
However, these variations place much less s%ringent
requirements on temperature stability than those
imposed by stabilizing the overall delay.

Fabrication

The RAC devices schematically illustrated in
Fig. 1 were fabricated on 001-110 cut BGO substrates
which are fifteen cm long. These substrates had to
be selected with some care. Boules from which BGO
surface-wave plates are fashioned contain a core
structure along the growth axis. This core can be
distinguished from the rest of the material by its
darker appearance. RAC devices that were fabricated
on substrates wherein this core came close to the
surface exhibited a drastically degraded response and
excessive insertion loss. Electrostatic probe®
measurements of surface waves on cored material
indicated that the cored region had a slower velocity
than the normal material and that material nonuniformi-
ties caused a drastic distortion of the surface-wave
beam. All devices fabricated on core-free substrates
achieved near-theoretical response.

For bombardment with a neutralized beam of 500 eV
argon ions, the etching rate was measured to be 13.5
angstroms/sec at a flux density of 4 x 10'® ions/cm?
(0.65 ma/cm? prior to the neutralization). No
anomalous damage, change in stoichiometry, or increased
attenuation was observed with BGO surfaces. Thus, it
was not necessary to ion etch in a partial pressure
of oxygen or to perform any post-etching surface
treatments, as is the case with LiNbO; surfaces.?’10*12

Grooves were ion-beam etched to depths of approxi-
mately 0.1 um or 0.35% of a wavelength at the center
frequency. At the beginning of this development, the
reflection coefficient yq, for 90° reflection from a
vertical step was unknown. A model of device reflection
loss®*!?fitted the measured device response provided
that ygo = 0.23 h/A. Overall reflection loss was -18
dB at center frequency. Depth weighting!?’!'was
employed to yield a flat amplitude response for the ex-
pansion lines and Hamming-weighted amplitude response
for the compression lines.

A transducer beamwidth of 3.48 mm (125 wavelengths
at fp) was chosen to minimize diffraction effects.
Calculations of surface wave diffraction'® show that
significant amplitude ripples (and associated phase
ripples) occur for normalized diffraction distances
greater than 0.2. The transducer aperture was chosen
to keep the normalized diffraction distances less
than this value for the longest delays encountered.
Wider apertures would require more substrate area and
more precise alignment. A twelve-finger-pair transducer
with this aperture has a radiation impedance of 110
ohms and can be approximately matched to a 50-ohm
load by simple inductive tuning to yield a nearly
flat response and a total conversion 10ss of only
10.5 dB for the input and output transducers combined.

Because of the poor adhesion of thin metal films
to BGO, particular attention to metallization and
bonding was required. Metallization consisting of
0.3 um of Au over 0.03 ym of Cu yielded adequate, but
not outstanding, adhesion'®. Of the several bonding
methods attempted, ultrasonic bonding of hard Au wire
using a wedge tip'® provided the highest yield ( 80%)
of reliable bonds. After ultrasonic bonding, the
bonds were strengthened with the addition of small
dots of conductive epoxy around the wire-pad interface.
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Following ir7tial fabrication, the phase response
of the devices was tested and phase compensation
patterns were generated and metallized in the region
between the gratings, see Fig. 1. The metallization
for phase compensation consisted of 0.045 um of Au
over 0.03 um of Cr. Calculations'® indicate that
for this ratio of metal thicknesses, the velocity in
the metallized region is relatively independent of
absolute metal thickness provided the thickness is
small in comparison to a wavelength. Following phase
compensation, a slot was cut between the transducers
to provide feedthrough isolation. The finished
device is mounted and sealed in a brass package.

Device Performance

The CW frequency responses of the pulse expander
and compressor are shown in Fig, 3a and 3b, respectively.
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Fig. 3  Frequency Responses of (a) pulse expander,
and (b) pulse compressor.

In each case the response is centered at 60.0 MHz
when operated at the design temperature of 60°C.
Total midband CW insertion loss is typically 33 d8
with a 1 dB variation among devices. The series-tuned
transducers contribute 10.5 dB 10ss; propagation and
diffraction losses amount to -4.5 dB; and the grating
reflection loss contributes the remaining -18 dB to
the total. The Hamming-weighted compgression lines
exhibit a maximum deviation from an ideal Hamming
function of approximately 0.5 dB.

Direct electromagnetic feedthrough was reduced
to a level more than 100 dB below the input signals
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by placing a metal septum in the slot belween the
input and output transducers, by using an indium
gasket between the septum and cover-plate assembly,
and by carefully orienting the tuning inductors to
minimize electromagnetic coupling.

Large Fresnel amplitude and phase ripple occur
near the band edges of a RAC device in which the
grating is abruptly terminated. In order to avoid
excessive rippie and thus more easily evaluate device
response, tapered tails were added to the impulse
response of the RAC devices by adding more grooves to
the gratings. Total dispersion of the extended
grating was 150 us over a 3 MHz bandwidth. The
extended impulse response was terminated gradually by
ion-beam etching the “tail" sections with a cosinusoidal
depth-weighting function. When this is done, the
ideal phase response is very close to a simple quadratic
variation versus‘frequency.

Measured phase deviation from ideal quadratic
response versus frequency is shown in Fig. 4a before
internal phase compensation was added. The cubic
error component is believed to be related to material
nonunifcrmities. Phase distortion contributed by the
transducer response is known to be negligible. The
more rapidly varying periodic component is reproducible
from one device to the next which suggests a systematic
pattern error of unknown origin. Qualitatively, the
response illustrated is characteristic of both the
pulse expander and compressor devices. Separate phase-
compensation patterns were required for each device
since significant quantitative variations existed
between the individual units.
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Fig. 4 Phase response of a RAC device
{a) before and (b) after internal phase com-
pensation.

Device phase response following internal phase
compensation is shown in Fig. 4b. Only the cubic
error component was successfully compensated. The
ability to phase compensate RAC devices is based on
the premise that a given position in the reflective
grating corresponds to one particular frequency and
that the width of the phase compensation at that

aiven position affects the phase response only at

that frequency. A measure as to the extent that this

is true can be obtained from a consideration of the "
fractional part of the entire grating contributing to
reflections at any one frequency. This fraction is

given by

Ng/N = (2/T8F)'/2 (7

Thus, one observes, that for small-time-bandwidth-
product devices, a significant fraction of the grating
contributes to the reflection at any one frequency,
and it becomes increasingly less accurate to associate
a given position in the grating with a particular
frequency. The extent of Ng for this device is
indicated in Fig. 4. The measured phase response is
the result of the average contribution from an extended
region in the grating, and the rapid variations in the
width of the phase-compensation pattern are averaged
over an extended region to yield a net effect on the
phase which is relatively insensitive to the rapid
variations. Thus it is difficult to compensate phase
errors in RAC devices when those phase errors are
more ragidly varying than a rate corresponding to
(Taf/2)% cycles across the passband. This is the
result observed in Fig, 4.

The metal overlay pattern was also used to align
the dispersion slope of all devices to the same
value. Before compensation, the individual chirp
slopes varied by as much as 1% among the seven devices
fabricated during this development program. Measured
phase deviation from ideal linear response versus
frequency for a cascade of an expander and compressor
is shown in Fig. 5. The absence of a significant
quadratic component in the phase response of the
cascaded devices indicates that the chirp slopes of
the individual units are well matched.
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Fig. 5 Measured phase deviation from ideal linear
response for a pulse expander and compressor
in cascade.

The pulse expansion and compression lines were
tested in a pulse compression circuit. An impulse
applied to the expansion line was obtained by gating
a 60.0 MHz carrier to provide a 200 ns impulse ( 12 |
cycles). The expanded pulse was gated over the .
central 125 us interval, with no limiting, before the
signal was applied to the compression lines.

Typical pulse compression performance is shown
in Fig. 6. Both devices were operated at 60°C in the
component oven assembly. The -3dB and -30dB widths
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(a) Main lobe of compressed pulse.
exposure of compressed pulse showing the side-
lobe structure with 35 dB difference in
attenuation between exposures.

These results indicate that BGO is a practical
material for RAC devices and is particularly usefu)
when large dispersion is required. With proper care,
problems of alignment, material nonuniformity, metal
adhesion, and temperature sensitivity can be solved
to yield high-performance devices.
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